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Summary
1. The possession of certain floral traits can determine which insects visit a plant species. If two spe-
cies possess similar floral traits that determine shared flower visitors, floral traits can be said to
mediate plant–plant interactions. Such indirect interactions are important for understanding funda-
mental relationships of plant communities, such as competition and facilitation but thus far have
only been tested within a native community context.
2. We test whether floral-trait similarity can be used to predict interactions between an invasive plant
and co-occurring native species in South Africa’s Cape Floristic Region. We surveyed flower visita-
tion at invaded and uninvaded plots across four sites and correlated floral-trait similarity between
invasive and native species with both invasion impact on native flower visitation and flower visitor
overlap of natives and the invasive species.
3. Similarity of all traits (categorical and continuous) and categorical traits alone explained invasion
impact (flower visitor overlap) between the native and invasive species. The majority of flower visi-
tor overlap was attributed to the native honeybee Apis mellifera subsp. capensis.
4. This study is the first to show that floral traits can be used to predict novel plant–plant interac-
tions, even amongst ecologically generalized flower visitors and plants and to predict potential
impacts of an invasive species on native flowering communities. However, floral traits were not use-
ful for predicting changes in visitation to plant species.
5. Synthesis. Results advance our understanding of the role of plant traits in ecological communities
and reveal that they are important in mediating not only plant–pollinator interactions but also plant–
plant interactions. Our findings also shed light on invasive–native plant interactions via pollinators
and have the potential to predict certain invasion impacts.
Key-words: Acacia saligna, biological invasions, flower morphology, fynbos, generalist, honey-
bee, invasion ecology, plant–insect interactions, plant–plant interactions, pollination syndromes
Introduction
Facilitation and competition are among the most important
interactions that occur between neighbouring plant species
(Connell & Slatyer 1977; Schlüter et al. 2009). Plants can
compete with one another for abiotic resources such as shade
and light or compete for or facilitate each other’s soil nutrient
uptake. Interactions may also be mediated by a third party
such as flower-foraging insects. The way flowering plant spe-
cies interact with pollinators, and hence the outcome of the
interaction between plant species, is mediated and determined
by floral traits, which are important in attracting flower visi-
tors (Faegri and van der Pijl 1979).
The theory of pollination syndromes posits that floral traits
can be used to predict the identity of flower visitors (Vogel
1954; Faegri and van der Pijl 1979; Pauw 2006). Many pollina-
tion studies use floral traits to predict plant–pollinator interac-
tions (e.g. Fenster et al. 2004, Lázaro, Hegland and Totland
2008), but there is very little evidence that floral traits can pre-
dict plant–plant interactions (Herrera et al. 2002; Hegland &
Totland 2005; Danieli-Silva et al. 2011). Predicting the impact
of one species on another species or on the surrounding com-
munity is one of the fundamental goals of invasion ecology
(Elton 1958) as alien species can have irreversible effects on
native ecosystems (Higgins et al. 1999; Evans et al. 2001;
Traveset & Richardson 2006; 2011). Progress has been made
in finding traits associated with invasiveness (Pyšek &
Richardson 2007), such as growth rate, seed mass and resprout-
ing ability (Gallagher et al. 2011; Gibson et al. 2011;*Correspondence author. E-mail: apauw@sun.ac.za
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Lamarque, Delzon and Lortie 2011). However, much less pro-
gress has been made in finding correlates of impact (William-
son 2001). In the plant invasion literature, a meta-analysis
suggests that alien plants with floral traits similar to native spe-
cies may have a more detrimental impact on native species than
those with dissimilar traits (Morales & Traveset 2009). Here,
we test whether floral traits can predict plant–plant interactions
in an invasion context. Elucidation of the drivers of impacts of
introduced species is important because invasive plants can
exert disproportionate impacts on pollination and reproductive
success of native species (Bartomeus, Vila and Santamaria
2008b; Moroń et al. 2009). Knowledge of these drivers is criti-
cal for the long-term management of native plant communities.
Studies that use floral traits as predictors of plant–pollinator
and plant–plant interactions have thus far only looked at native
plant species (Hegland & Totland 2005; Lázaro, Hegland and
Totland 2008). However, there is evidence that pollinator func-
tional groups can be predicted in novel plant–animal interac-
tions based on floral-trait similarity despite a lack of shared
history of interactions (Geerts & Pauw 2009). Our aim was to
determine whether floral traits can be used to predict the impact
of an invasive plant, Acacia saligna, on native plant species.
Acacia saligna is a major invader of fynbos vegetation in South
Africa where it flowers simultaneously with many native spe-
cies during spring, making it an ideal system for testing this
prediction. Our study involved correlating the impact of inva-
sion on visitation rate to native plant species with their floral
similarity to A. saligna. We predict that plants with floral traits
most similar to those of A. saligna are more likely to be
impacted due to pollinator sharing. Such information is needed
to advance our understanding of the full spectrum of effects
that introduced species have in invaded ecosystems, including
subtle effects that may have long-term consequences for eco-
system functioning (Pyšek & Richardson 2010).
Materials and methods
STUDY SITE
Study sites were located in sclerophyllous, fire-prone shrublands on
sandy, nutrient-poor soil characteristic of the south-western coastal
region of the Cape Floristic Region in South Africa’s Western
Cape province (Cowling, Richardson and Mustart 1997). Vegetation
at three study sites is classified as Agulhas Limestone Fynbos and
at the fourth as Atlantis Sand Fynbos (Mucina & Rutherford
2006). Agulhas Limestone Fynbos is characterized by low shrubs
mixed with taller proteoid vegetation on low hills and plains. The
families Asteraceae and Proteaceae are prominent, with species of
Restionaceae assuming dominance in sandier patches. The area
receives an average annual rainfall of 410–660 mm, and most rain
falls between June and August. Mean summer and winter tempera-
ture extremes range from 25.5 to 7.0 °C, respectively. Atlantis
Sand Fynbos grows on flat sand plains where Restionaceae and
Proteaceae are dominant plant families with Asteraceae and patches
of Ericaceae occurring in seepages. Peak precipitation occurs
between May and August, mean annual precipitation is 290–
660 mm and temperature extremes range from 27.9 °C (February)
to 7 °C (July). Atlantis Sand Fynbos is listed as a vulnerable vege-
tation type, and 40% of its original extent has been transformed
(Mucina & Rutherford 2006).
Acacia saligna is one of the most widespread and abundant woody
invasive species in both vegetation types and is a major threat to biodi-
versity and ecosystem functioning in these ecosystems (Rebelo et al.
2006). This evergreen tree species, introduced from Australia in the
mid 19th century, flowers from August through October in South
Africa and is considered one of the most problematic invasive plant
species in the region due to its ability to alter, dominate and replace
native vegetation, thereby causing major changes to ecosystem func-
tioning (Le Maitre et al. 2011). Its floral morphology is similar to that
of most African and Australian acacias with yellow globular inflores-
cences composed of multiple individual flowers with easily accessible
rewards, making it attractive and accessible to a wide range of poten-
tial flower visitors (Stone et al. 2003; Gibson et al. 2011).
SAMPLE DESIGN
We surveyed plant communities at four sites during 2009 (September
–October) and 2010 (August–October). Sites were located at least
3 km apart. Each site comprised an invaded plot (A. saligna present)
and an uninvaded plot (no A. saligna), with plots located between 0
and 700 m apart. Plots were located close together to ensure that
native species composition and structure were similar between the
invaded and uninvaded plots. To test whether number of floral dis-
plays, average area per floral display and floral unit density of focal
species were approximately similar between all invaded and uninvad-
ed plots and were unlikely to influence flower visitation patterns, we
compared these variables using a paired Wilcoxon signed-rank test
(number floral displays/plot, V = 533, P = 0.314; area/floral display
(m2), V = 528, P = 0.910; floral units/m2, V = 497, P = 0.823). At
each site, three focal native species were chosen (hereafter ‘focal spe-
cies’) that comprised the most common and/or widespread flowering
taxa in both invaded and uninvaded plots (Fig. 1). All field sites con-
tained different focal species and, within a site, all species were from
different families except at Mamre where two of the three species are
in the family Asteraceae. All focal species were from different fami-
lies from that of the invasive alien plant, A. saligna (Fabaceae).
FLOWER VIS ITOR OBSERVATIONS
Observations of flower visitors at invaded and uninvaded plots took
place between 08:00 and 17:00 and were conducted simultaneously to
ensure similar weather conditions. We observed a 1-m-radius patch
of each focal species at three different areas separated by
60–100 m in the invaded and uninvaded plots to reduce the influence
of local effects (e.g. floral and spatial autocorrelation effects). In the
invaded area, we selected observation patches that were within 30–
50 m of the nearest A. saligna stand. Observations lasted 15–30 min
and each focal species was observed for a total of 90 min. During the
observation, we recorded number of flowers observed, number of
legitimate flower visits (where the visitor contacted the reproductive
parts of the flower) and visitor identity. When visitors could not be
identified in the field, we collected the insect for later identification.
FLORAL TRAITS
We measured categorical and continuous traits of all plant species at
invaded and uninvaded plots that were shown to be important in pre-
dicting flower visitor identity or visitation rates in the previous studies
(Table 1) (Hegland & Totland 2005; Lázaro, Hegland and Totland
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2008; Morales & Traveset 2009). Floral traits were separated into two
general categories following Hegland & Totland (2005). Categorical
traits included clustering (S = solitary, I = inflorescence), colour
(white, pink/purple, yellow, orange/pink), shape (O = open,
C = closed) and symmetry (A = actinomorphic, Z = zygomorphic).
Continuous traits included average number of floral displays, average
area per floral display and floral unit density within a 30- to 50-m-
radius area surrounding the observation area of each focal species. A
floral display comprised a recognizable visual unit of conspecific
flowers and referred to a single flower or group of flowers depending
on the species (sensu Hegland & Totland 2005). Floral display area
was measured as the size of the flowering plant patch using one of
three formulas: pr2 if circular and vertically flat; length 9 width if
rectangular; or pr2 + 2pr2 if circular with a depth dimension. A floral
unit is a single flower head, or part of a multiple head, from which a
medium-sized bee has to fly rather than walk to reach another floral
unit of the same species (Dicks, Corbet and Pywell 2002).
DATA ANALYSES
To test the relationship between floral-trait similarity of focal species
with A. saligna and the effect of A. saligna on insect visitation to
focal species, we used change in flower visitation to focal species
between invaded and uninvaded plots and flower visitor overlap
between the focal and invasive species as response variables and
floral-trait similarity as the explanatory variable. We consider ‘change
in visitation’ and ‘flower visitor overlap’ to be appropriate proxies for
potential impact of A. saligna on the native community as visitation
acts as an important precursor to pollen deposition and pollination
(Alarcón 2009) and visitor overlap increases the chances of A. saligna
pollen contamination of natives. Change in visitation between invaded
and uninvaded plots was calculated using the relative neighbour effect
index (RNE; Markham & Chanway 1996; Muñoz & Cavieres 2008),
where RNE = (Vmixed  Vcontrol)/max (Vmixed, Vcontrol) and Vmixed =
flower visitation rate when A. saligna is present, Vcontrol = flower vis-
itation rate when A. saligna is absent and max (Vmixed, Vcontrol) = the
maximum of the two values. Values range from 1 to 1, with 1
indicating total competition and 1 indicating total facilitation. Flower
visitor overlap was calculated as the proportion of total visitation
rate to a focal species that was comprised of visitor groups that also
visited A. saligna, with values ranging from 0 to 1, and was calcu-
lated on both a family and morphospecies level. Floral-trait similari-
ties were calculated for categorical traits alone, continuous traits
alone, and for categorical and continuous traits combined using a dis-
(a)  (d)  (c)  (b)  
(g)  (f)  
(e)  





Fig. 1. Plant species and families used to investigate the relationship between floral-trait similarity and impact of an invasive plant (Acacia
saligna; k) on native flower–insect interactions. (a) Chrysanthemoides monilifera (Asteraceae); (b) Roepera fulva (Zygophyllaceae); (c) Ursinia
anthemoides (Asteraceae); (d) Mimetes cucullatus (Proteaceae); (e) Dimorphotheca pluvialis (Asteraceae); (f) Erica imbricata (Ericaceae); (g)
Erica parviflora (Ericaceae); (h) Muraltia satureioides (Polygalaceae); (i) Leucospermum patersonii (Proteaceae); (j) Cyphia volubilis (Campan-
uleaceae); (k) Acacia saligna (Fabaceae); (l) Pelargonium betulinum (Geraniaceae); (m) Polycarena lilacina (Scrophulariaceae) (photographs: M.
R. Gibson).
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similarity matrix with the ‘daisy’ function and Gower’s dissimilarity
metric in the ‘cluster’ package (Maechler, M., Rousseeuw, P., Struyf,
A. & Hubert, M. 2005, Unpublished data). We used Gower’s similar-
ity coefficient because it can be computed from qualitative and
quantitative variables and is appropriate when descriptors (floral traits)
are multistate and/or not dimensionally homogenous (Legendre &
Legendre 1998).
We fitted a linear mixed-effects model using the ‘lme’ function in
the ‘nlme’ package (Pinheiro et al. 2011) to measure the correlation
between floral-trait similarity and RNE, and floral-trait similarity and
flower visitor overlap. Linear mixed-effects models account for pseu-
doreplication resulting from the nesting of random effects (Crawley
2007). Site and year were specified as random effects with year
nested within site to account for nonindependency of observations for
plants occurring at the same site and of focal species surveyed in both
years. We also tested the relationship between flower visitor overlap
and RNE (Appendix S1) using linear mixed-effects models as a high
flower visitor overlap between two flowering species may result in a
change in visitation rate to one or both species.
To test which categorical traits were important in determining
floral-trait similarity and flower visitor overlap between A. saligna
and focal species, we used logistical regression with trait dissimilarity
and flower visitor overlap as the response variables and individual
trait scores as the explanatory variable. To do this, we used a general-
ized linear model (GLM) with binomial errors and corrected the stan-
dard errors for underdispersion using a quasi-GLM model with a
dispersion parameter.
We used R for all statistical analysis (R Development Core Team
2011).
Results
We found that focal species with floral traits more similar to
A. saligna shared more flower visitors with A. saligna. Such
results support our initial prediction that species that are more
florally similar to A. saligna are more likely to be impacted
due to flower visitor sharing. Categorical trait similarity and
similarity of categorical and continuous traits combined were
significantly correlated with flower visitor overlap at the mor-
phospecies level (categorical traits: coefficient = 0.466,
standard error = 0.145, t = 3.23, P = 0.0104; categorical
and continuous traits combined: coefficient = 0.757, stan-
dard error = 0.256, t = 2.95, P = 0.0161; Fig. 2d,e) and
family level (categorical traits: coefficient = 0.715, standard
error = 0.165, t = 4.33, P = 0.0019; categorical and contin-
uous traits combined: coefficient = 1.22, standard
error = 0.307, t = 3.96, P = 0.0033; Fig. 2a,b). Continuous
traits alone had no influence on flower visitor overlap (mor-
phospecies level: coefficient = 0.774, standard error = 0.814,
t = 0.0950, P = 0.367; family level: coefficient = 0.537, stan-
dard error = 0.979, t = 0.549, P = 0.596; Fig. 2c,f). We
found no significant relationship between the potential impact
of invasion as measured by RNE and flower visitor overlap
(morphospecies level: coefficient = 0.613, standard
error = 0.366, t = 1.67, P = 0.120; family level: coeffi-
cient = 0.319, standard error = 0.288, t = 1.11,
P = 0.297) or floral-trait similarity (categorical traits only:
coefficient = 0.282, standard error = 0.273, t = 1.03,
P = 0.329; continuous traits only: coefficient = 0.0408, stan-
dard error = 0.956, t = 0.0427, P = 0.967; categorical and
continuous traits combined: coefficient = 0.453, standard
error = 0.456, t = 0.992, P = 0.347; Fig. 3).
We found symmetry (zygomorphic; coefficient = 2.46,
t = 3.62, P = 0.00473) and colour (yellow; coeffi-
cient = 2.25, t = 2.42, P = 0.0339) to be significantly
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Fig. 2. Results of linear mixed-effects models measuring the response of flower visitor overlap to trait similarity of focal species with Acacia sal-
igna. (a–c) show the relationship between flower visitor overlap at the family level and dissimilarity of all, categorical and continuous traits. (d–f)
show the relationship between flower visitor overlap at the morphospecies level and dissimilarity of all, categorical and continuous traits. Lines
indicate significant relationships. Critical values can be found in Results.
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associated with categorical trait dissimilarity. When testing
the relationship between individual categorical traits and
flower visitor overlap, we found shape (open; coeffi-
cient = 1.70, t = 2.39, P = 0.0330) to be significant and clus-
tering (solitary; coefficient = 2.22, t = 2.143, P = 0.0516)
to be marginally significant at the morphospecies level. Sym-
metry (zygomorphic; coefficient = 2.16, t = 3.494,
P = 0.00396) and clustering (solitary; coefficient = 2.08,
t = 2.34, P = 0.0359) were significant at the family level.
Discussion
Similarity in categorical floral traits predicted flower visitor
overlap between the invasive A. saligna and co-flowering
native species. In a related study (Gibson, Pauw and
Richardson 2012), we found that the presence of A. saligna
resulted in significantly reduced visitation to one of the focal
species with which it was most florally similar, Roepera ful-
va. Thus, the effect of invasion on different members of the
same community depended on their floral traits. This result
builds on other studies that found flower clustering, colour,
shape and symmetry to be important in predicting how plant
species affect each other’s pollination (Lázaro, Hegland and
Totland 2008; Morales & Traveset 2009; Campbell et al.
2010). In our study, the native honeybee (Apis mellifera subsp.
capensis) accounted for the highest proportion of overlap
between A. saligna and focal species (Table 1). The result is
interesting and important because both honeybees and invasive
acacias are geographically widespread. Consequently, there is
considerable potential for pervasive impacts. This overlap is
likely driven by nectar content in the focal species, as nectar
is known to be important in the attraction of honeybees.
Overlap of flower visitors of A. saligna with thirteen of
the focal species in our study indicates A. saligna is fairly
well integrated into the native visitation network; this sup-
ports the findings of previous studies (Memmott & Waser
2002; Lopezaraiza-Mikel et al. 2007). There are many possi-
ble consequences of flower visitor overlap. Visitor overlap
increases the chance of interspecific pollen transfer (Waser
1978). Alien pollen can interfere (mechanically or chemi-
cally) with fertilization and may ultimately lead to reduced
reproductive success (Brown & Mitchell 2001; but see
Tscheulin et al. 2009). However, pollinator sharing may not
lead to interspecific pollen transfer if the pollinator does not
switch between the alien and native plant species (so-called
floral constancy) or if foreign pollen is carried on a different
body region of the pollinator compared with native pollen
(Bartomeus, Bosch and Vilà 2008a; Waterman et al. 2011).
Australian acacias do not produce floral nectar, so bees are
presumably forced to visit surrounding plant species
(Bernhardt & Walker 1984).
We found no significant relationship between continuous
floral-trait similarity and flower visitor overlap. This is not
surprising as the continuous traits in our study quantified dif-
ferences in total floral display size. While display size is
likely to affect visitation rate, it seems less likely that the
composition of the visitor fauna should be effected. Further-
more, the considerable variation in display variables seen
between the focal species sampled in both years (Table 1)
may account for this weak relationship.
Visitation to native species at invaded and uninvaded sites
was not significantly influenced by flower visitor overlap or
floral-trait similarity (Fig. 3). However, resulting trends are in
agreement with higher visitor overlap potentially causing
increased competition (i.e. lower RNE value) and increased
trait dissimilarity potentially causing less competition (i.e.
higher RNE value) between natives and A. saligna (Fig. 3).
Two features of this particular study system are important to
consider regarding the strength of such relationships. Firstly,
Acacia saligna attracts a wide range of flower visitors. Sec-
ondly, the dominant flower visitor of the alien, the honeybee,
is often referred to as a ‘super generalist’ (Olesen, Eskildsen
and Venkatasamy 2002). Where relationships are more spe-
cialized, stronger effects might be observable. For example,
one might expect that the invasive shrub Nicotiana glauca
will affect the pollination of native plant species with floral
features specifically adapted for bird pollination (Geerts &
Pauw 2009).
We found a similar response overall of focal species sur-
veyed in 2009 and 2010 to A. saligna invasion between years
(Appendix S1). In both years, Chrysanthemoides monilifera
had moderate and low flower visitor overlap with A. saligna
at the family and morphospecies level, respectively. Muraltia
satureioides had low visitor overlap with A. saligna at the
family and morphospecies level, while Roepera fulva had
high visitor overlap at the family level in both years and high
and moderate overlap in 2009 and 2010, respectively, at the
morphospecies level. This result increases our confidence in























Fig. 3. Results of the linear mixed-effects
models measuring the response of relative
neighbour effect index to (a) flower visitor
overlap at the morphospecies level and (b)
trait similarity of focal species with Acacia
saligna. Lines indicate significant
relationships. Critical values can be found in
Results.
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the ability of floral traits to consistently influence and predict
the effect of invasive plants on the native community of
plants and pollinators.
Results of logistic regression revealed that categorical flo-
ral-trait similarity between A. saligna and focal species is dri-
ven by similarity in symmetry (actinomorphic) and colour
(yellow), while clustering, symmetry and shape similarity
were important in driving flower visitor overlap. This is in
line with previous studies of honeybee preference that showed
traits such as symmetry and colour to be important in flower
choice (Neal, Dafni and Giurfa 1998), with a preference for
flowers with radial symmetry (Wignall et al. 2006).
Our study is a first assessment of the ability of floral-trait
similarity to predict the impact of an invasive plant on the
pollination of native plants. Future studies could benefit from
using pollen deposition and seed production as response vari-
ables and including among the predictor variables a measure
of spectral reflectance as seen by bees (e.g. ultraviolet reflec-
tions; Chittka et al. 1994). Invasive plants are becoming per-
manent members of most native communities. They structure
these communities by benefitting some species and suppress-
ing others through direct and indirect interactions. Predicting
the outcome remains an important goal.
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